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Abstract 
The following paper presents a thermodynamic analysis of a CSP (Concentrated Solar Power) plant that works with 
ORC; electric power is always approximately equal to 20 kWe. Through thermodynamic optimizations were 
compared, for various working fluids(R134a, R245fa, Acetone), the results in terms of gelK and absorbing mirrors 
surface; for the same electrical power. For the systems that works with acetone, it also provided for the study of the 
selection of the most suitable machines to the thermodynamic cycle under consideration. We highlight the 
construction simplicity of the ORC systems and greater efficiency for lower ratio of the temperature difference.  
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1. Introduction 
Concentrated Solar Power (CSP) systems produce heat or electricity using mirrors to concentrate the sun’s rays to 
a receiver where a thermal fluid can reach temperature typically between 400 and 1000ºC [1].These plants convert 
high temperature heat into mechanical energy by a thermodynamic cycle and so in electrical energy by an alternator. 
In Europe CSP installed capacity has been growing up rapidly and it is expected to reach 2,5 GW by the end of 
2013, if all projects will be successfully completed. Notwithstanding this positive trend, the contribution of this 
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technology to renewable energy supply is still marginal due to its electricity generation costs which are still higher 
than competing technologies [2]. In addition to high production and investment costs, solar power also presents a 
number of challenges linked with the need to update the electricity grid (to allow for dispersed production and for 
the transport of electricity for long distances) and with system integration (to balance off intermittency). The second 
issue hindering the diffusion of this technology is the low efficiency of the steam cycle, due to the limited working 
temperature range of HTF (heat transfer fluid), 400 °C for synthetic oil and 600 °C for molten salts. These limits 
keep steam temperature at the turbine inlet at 370 °C and 550 °C respectively. Assuming Nevada Solar One as the 
state of the art reference case, for synthetic oil option, a design efficiency and an annual average efficiency of 22.4% 
and 15.3% respectively, can be assumed [3]. Among CSP options, parabolic trough technology can be considered 
the state of the art, thanks to the experience gained at Nevada Solar One in United States and Andasol plants in 
Spain [3]. Individual CSP plants are now typically between 50 and 280MW in size but could still be larger [4]. CSP 
plants are typically much larger than photovoltaic installations, which use the sun’s light to make electricity. In fact, 
having a look at the actual panorama of CSP installations it can be noticed that most of them, especially Parabolic 
Trough ones, are over 50 MW power size, instead of photovoltaic ones which have a large diffusion in the small-
scale section. The reason of the large scale is linked to the better plant optimization in terms of specific costs, 
thermal storage and efficiency. That is why the trend is towards larger and larger CSP plants. In desert areas, this 
doesn’t represent a land subtraction to other agricultural activities, but in green areas large scale plants could 
represent a consistent environmental impact [5]. Aim of this work is to investigate the feasibility of small-scale CSP 
plants (20kW) in order to develop installation over houses roofs or factory sheds, without subtracting land to 
farming. Excluding molten salt option due to the plant complexity to avoid salt solidification, the best option seems 
to be the synthetic oil option, coupled to Organic Rankine Cycles, in order to achieve the best efficiency also in 
small-scale. Nevertheless, efficiency must be improved to justify its installation instead of a hybrid solar thermal + 
photovoltaic plant.  
 
Nomenclature 
h   Enthalpy 
m   Mass Flow 
P   Power 
Q   Volumetric Flow Rate 
Greek 
K   Efficiency 
Subscripts 
a   Alternator 
c   Cycle 
el   Electric output 
gel   Global Electric 
iso   Isentropic 
m   Mirror  
mecc   Mechanical Output 
p   Pump 
sun   The direct normal solar irradiation incident on the collector 
therm   Thermal Input 
t   Turbine 
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2. Thermodynamic analysis 
In this work, a 20 kWe parabolic trough-ORC solar power plant has been numerically analyzed, varying the 
organic fluids. Due to the different thermodynamic properties, for each fluid, different condition have been 
considered and so different cycles [10]. In all cases, a Rankine cycle has been the first approach, and, when possible, 
superheating and regeneration have been considered. Analysis has been performed for two cooling fluids R245fa 
and R134a, widely used in several applications[6],[7], and for Acetone, which seems to give interesting results, as 
reported. In all cases, the same following efficiencies have been assumed: ߟ௠= 70% (For a particular technology of 
collector and receiver [8]), ߟ௧= 70% [9], ߟ௣= 70% [9], ߟ௔= 90%. 
These values have been considered for calculation of cK , defined as ratio between   mecP  and thermP to the ORC. In 
all cases the ηgel has been evaluated as ratio between elP and sunP radiating mirrors:  
acmgel KKKK             (1) 
The following assumptions have been made considering the maximum possible values of efficiency. Regarding 
diagrams Ns-Ds [11],[12], that one of these is reported in Fig. 8, it is possible to observe that, as the specific speed 
increases will change type of expander that reaches the higher efficiency. We go from the volumetric to the rotary 
machine and those up to the axial dynamic machines. Moreover, thanks to this diagram we can also obtain the 
geometric dimensions of the machine so that we can get the maximum efficiency value under certain 
thermodynamic conditions. For our analysis, and as will be shown in detail later, we could use the theoretical values 
of the efficiency of the expander: 0.8. Since this value we can only be reached at the expense of expensive 
technologies, we made a compromise by choosing a value of 0.7. Similar argument can be made for the efficiency of 
the pump, in fact from the diagram in references [12],[9], Ns-Ds relative to this type of machine we can be up to a 
value of efficiency equal to 0.8. Even in this case, however, is considered a more realistic value of 0.7. 
2.1. Heat receivers working fluid 
A synthetic oil Dowtherm™A has been considered as working fluid [13], rather than a molten salts mixture. It’s 
an euthectic mixture of two very stable organic compounds, biphenyl (C12H10) and biphenyl oxide (C12H10O). They 
have the same vapor pressure, so mixture can be managed as a single component. Usual applications of such 
substances vary in temperature range from 15°C to 400 °C and pressure from atmospheric to 12.6 bar. Moreover 
there are no problem involved with too low temperatures as for molten salts: solidification point is at 12 °C. Over 
400 °C  Dowtherm™A loses thermal stability and has its self-ignition temperature(Autoignition Temperature) at 
599°C even though it can be used as fuel too.  
2.2. R134a(CF3-CH2F): 
R134a is an alkyl halide normally used as cooling fluid [14] and its main thermodynamic† properties are reported 
in references[15]]. According to these values, a condensation pressure of 10 bar has been supposed, corresponding 
to a condensation temperature of 40 °C. Thermodynamic cycle analysis has been performed for two different 
maximum pressure, 25 and 30 bar, corresponding to boiling temperatures of 80° C and 90 °C. For each maximum 
pressure, three maximum temperature have been considered, the first being the boiling one (case without 
superheating), the second and the third 150 and 200 °C respectively (cases with superheating). 
 
 
 
† R134a: Critical pressure 4.059 MPa; Critical temperature 101,1°C; Boiling Temperature (101,3 kPa) -25,9°C; Self-Ignition Temp 770°C. 
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Fig. 1. (a) Plant scheme (R134a) without regeneration; (b) Global Electric Efficiency for R134a cases. 
In Fig.1 (a) the plant scheme is reported. Fig.1 (b) shows analysis results: as expected ηgel rises with maximum 
pressure and with maximum cycle temperature. As can be noticed, very low global efficiencies were achieved, the 
highest value being 3,7%, for 30 bar maximum pressure and 200 °C maximum superheating temperature. Results 
are summarized in table 1 reporting mirror extension required for each case in order to achieve always the same
electric power output (20 kW).
Table 1 results for R134a, without regeneration 
Maximum 
temperature 
(°C)
Psun [kW]
Mirror 
extension 
[m2]
ηgel
Maximum 
temperature
(°C)
Psun [kW]
Mirror 
extension 
[m2]
ηgel
Pressuremax =25 bar; Pressurecond =10 bar Pressuremax =30 bar; Pressurecond=10 bar
80 591,42 657,14 0,0262 90 415,91 462,12 0,0346
150 528,28 586,98 0,0323 150 518,85 576,50 0,0358
200 553,75 615,27 0,0330 200 456,57 507,30 0,0376
As second step, regeneration has been considered for improving cycle efficiency. R134a T-s diagram shows a 
T4(expander outlet Temperature) very higher than T2(pump outlet temperature) so heat can be recuperated in a 
regenerator. A new regenerative cycle has been evaluated according to scheme in Fig. 2(a). New values of Global 
Electric Efficiency have been calculated in regenerative cases as reported in Fig. 2(b). As in table 1, new results are 
summarized in table 2, highlighting a lower mirror extension due to the improved Global Electric Efficiency.
Results show how even with regeneration, Global Electric Efficiency doesn’t reach acceptable values, rising to a 
maximum value of 5,5% in case of Tmax = 200 °C and Pressuremax= 30 bar. Temperature has not been further 
increased because, T4 should become too high causing boiling within the regenerator in case of low thermal losses. 
This should lead to a higher plant complexity without significant Global Electric Efficiency increase. 
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Fig. 2. (a) Plant scheme with regeneration. (b) Global electric efficiency vs cycle maximum temperature 
Table 2 results for R134a with regeneration 
Maximum 
temperature(°C) Psun[kW]
Mirror 
extension 
[m2]
ηgel
Maximum 
temperature(°C) Psun[kW]
Mirror 
extension 
[m2]
ηgel
Pressuremax =25 bar; Pressurecond =10 bar Pressuremax =30 bar; Pressurecond=10 bar
80 591,42 657,14 0,0262 90 415,91 462,12 0,0346
150 371,73 413,03 0,0323 150 367,06 407,85 0,0507
200 481,70 535,22 0,0330 200 313,06 347,85 0,0548
2.3. R245fa(C3H3F5):
The second organic fluid considered is R245fa (C3H3F5). Its main thermodynamic‡ properties [16] are presents 
in references Taking into account these values, condensing pressure in the examined case has been 2,5 bar, 
corresponding to a phase changing temperature of 40 °C. Also in this analysis, a Rankine cycle has been the starting 
case, assuming two different pressures and temperatures: 
x 140°C and 25 bar;
x 150°C and 30 bar;
Table 3 results for R245fa, without regeneration 
Maximum 
temperature 
(°C)
Psun[kW]
Mirror 
extension 
[m2]
ηgel
Maximum 
temperature 
(°C)
Psun[kW]
Mirror 
extension 
[m2]
ηgel
Pressuremax =25 bar; Pressurecond =2,5 bar Pressuremax =30 bar; Pressurecond 2,5 bar
140 283,2 314,66 0,0620 150 268,8 298,66 0,0628
200 290 322,22 0,0641 200 271,62 301,80 0,0662
250 300,57 333,96 0,0634 250 281,05 312,28 0,0662
Subsequently superheating has been considered, for the same plant scheme of R134a case, up to a maximum 
temperature level of 250 °C corresponding to a fluid stability upper limit .Efficiencies values are reported for 
‡ R245fa: Critical pressure = 3,65 MPa; Critical temperature =154,1 °C; Boiling Temperature (101,3 kPa) = 15,1°C; Self Ingnition temperature = 
700°C; Instability Temperature 250° C.
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Rankine and superheating cycles, for both upper pressure levels. These results are summarized in Table 3, always 
considering an electric power output of 20 kWe. Even without regeneration, R245fa reaches higher efficiencies than 
previous fluid in regeneration case. Next step has been the adoption of a regenerator, as done in previous case, 
evaluating the new efficiencies values.  
Fig. 3. (a) Plant scheme with regeneration; (b) global electric efficiency vs cycle maximum temperature. 
In Fig.3(b) cases without regeneration are represented by continuous lines, regeneration ones by dashed lines, 
always for two different upper pressure levels. Maximum Global Electric Efficiency achievable is 11% in 
regeneration case at 30 bar. Results in case of regeneration are summarized below in table 4. 
Table 4 results for R245fa, with regeneration 
Maximum 
temperature 
(°C)
Psun[kW]
Mirror 
extension 
[m2]
ηgel
Maximum 
temperature 
(°C)
Psun[kW]
Mirror 
extension 
[m2]
ηgel
Pressuremax =25 bar; Pressurecond =2,5 bar Pressuremax =30 bar; Pcond=2,5 bar
140 246,17 273,52 0,0714 150 229,22 254,69 0,0728
200 201,94 224,38 0,0938 200 187 207,77 0,0945
250 187,14 207,93 0,1026 250 166,28 184,76 0,1105
Regeneration leads to a more than double efficiency with respect to R134a case. 
2.4. Acetone(C3H6O) 
After examining other organic fluids used in CSP plants worldwide [17] a research for new possible ORC fluids 
has been performed in order to achieve higher global electric efficiencies. Acetone§ has been chosen for this 
purpose. As done for previous cases, a thermodynamic and parametric analysis has been performed for a similar 
CSP plant, using acetone as working fluid for thermodynamic cycle. Analysis started from a Rankine cycle to a 
superheating and to a regeneration cycle (Fig.5 (b)). Upper pressure has been set on about 30 bar (29,85 bar) 
corresponding to a phase change temperature of 205 °C, as represented in Fig. 5 (a) . The results of the Rankine 
Cycle (Tmax 205°C; Pressuremax 29,85 bar; Pressurecond) are : Psun 181 kW; Mirror Extension 201,1 m2 ; ηgel= 11%.
Next step, as in previous cases, has been a temperature increase by superheating. As shown in Fig.5 (b), T4 is much 
higher than T2r so there is a good chance for regeneration.  
§ Acetone = Critical pressure = 4,7 MPa; Critical temperature =235 °C; Boiling Temperature (101,3 kPa) = 56,2°C; Self Ingnition temperature =
465°C
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Fig. 4.Global electric efficiency vs cycle maximum temperature with (dashed line) and without (continuous line) regeneration. 
In Fig.4 cases without regeneration are represented by continuous lines, regeneration ones by dashed lines, both 
at 29,85 bar for cycle upper pressure. Results are summarized in Table 5 below, highlighting characteristic data for 
each solution: 
Table 5 Characteristic data for acetone superheating cycle with and without regeneration 
Maximum 
temperature(°C)
Psun
[kW]
Mirror 
extension[m2] ηgel
Maximum 
temperature(°C)
Psun
[kW]
Mirror 
extension[m2] ηgel
Pressuremax =29,85 bar; Pressurecond =0,5658 (40°C) Pressuremax =29,85 bar; Pressurecond =0,5658 bar (40°C) 
250 172 191,1 12,2% 250 152 168,9 13,8%
300 171 190,0 12,3% 300 136 151,1 15,5%
350 170,4 189,3 12,4% 350 125,6 139,6 16,8%
390 170,7 189,7 12,4% 390 119 132,2 17,8%
A further step for acetone case has been a supercritical cycle (Fig. 5), obtained by addition of another 
superheating and anther expansion, searching by iterative calculation, an optimal upper pressure and optimal 
reheating pressure. These pressures have been found to be 100 bar and 25 bar respectively Fig. 6 (b).
Fig. 5. (a) Plant scheme with regeneration e superheating; (b) cycle with regeneration and reheating on T-s diagram. 
Main results for this plant setup (Tmax 390°C; Pressuremax 100 bar; Pressurere-Heat 25 bar) are: Psun 104,8 kW; Mirror 
extension 116,5 m2 ; gelK 19,9%. 
224   F. Ferrara et al. /  Energy Procedia  45 ( 2014 )  217 – 226 
2.5. Results for Organic fluids 
At the end of the thermodynamic analysis for three organic fluids, R134a, R245fa and Acetone, a synoptic table 
(table 6) is presented, reporting best results for each fluid. 
Table 6 Maximum efficiency for each case and each organic fluid 
ηgel MAX Acetone ηgel MAX  R245fa ηgel MAX R134a
Rankine cycle 11,0% 6,3% 3,5%
Superheating 12,4% 6,6% 3,8%
Superheating and regeneration 17,8% 11,0% 5,5%
Re-heating and regeneration 19,9% \ \
3. Acetone Expander selection and configuration Plant 
After the thermodynamic analysis, and found that the ORC with Acetone has an efficiency higher than the other 
cases we passed to the identification of the type of expander that is best suited, in terms of efficiency, to do what we 
calculated in the thermodynamic analysis. As already mentioned earlier the selection of the type of the most suitable 
machine, come from an iterative procedure, based on the calculation of the specific speed, as the flow chart logic: 
shows. The inadequacy of data in the presentation of the problem requires the need to proceed by trial and to stop as 
soon as the results have a negligible gap (Scheme 1).The first step of the logic flow chart includes the calculation of 
the specific speed Ns for both the expanders, starting from the hypothesis of isentropic expansion. In this case, 
assuming constant the generated electric power equal to 20kW, we get a reduction of the mass flow rate so 
calculated: 
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After the calculation of mass flow rate with the hypothesis of isentropic expansion, can be traced, for both 
expansions, the volumetric flow rate of the expander isentropic output fluid: 
Scheme 1 Expander selection Step By Step
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By knowing isooutQ , e isoh' we can calculate sN for different specific speed “n”: 
¸¸¹
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§ ' 432
1
isos hQnN (5) 
With this value we consult Ns-Ds diagram, and we can obtain the maximum efficiency of the expander. At this 
point, with the same Electrical Power, we start the calculation of volumetric flow rate Q in case of real expansion 
(not isentropic) and we go on iteratively until Ns (calculated with the real mass flow rate) is the same of the value of 
iteration. In the following table (table 7) we presents the results. 
Table 7 results for High Pressure Expander and Low Pressure Expander 
High Pressure Expander HP Low pressure expander LP
Δhiso 104180 [J/kg] 34853,61744 [ftlb/lb] Δhiso 308160 [J/kg] 103095,515 [ftlb/lb]
Q3 0,002218415 [m3/s] 0,007354045 [ft3/s] Q3 0,101197017 [m3/s] 0,33546811 [ft3/s]
D 1 [m] 3,28 [ft] D 1 [m] 3,28 [ft]
F  50  [Hz] f 50 [Hz]
At the end of this procedure it was noted that the expanders  more suited to our case are for both cases volumetric 
and alternative machine . These solutions were indicated into the Ns-Ds diagram (Fig. 8), with blue line: 1500 rpm 
and green line: 3000 rpm.  
4. Conclusions
The paper has focused the attention to the feasibility of small-scale concentrated solar power. A comparison 
among organic fluids, in particular case for R134a, R245fa has highlighted low cycle efficiency, due to low 
temperatures, even with regeneration. Some interesting results have been obtained in the acetone case, which shows 
cycle efficiency up to 20%, in case of regeneration, superheating and re-heating. For all these cases, synthetic oil 
Dowtherm™A has been considered as HTF (heat transfer fluid). Synthetic oil seems to be the best choice for small 
scale CSP plants. Acetone can be considered as a good fluid for organic Rankine cycle but some important problems 
Fig 6 Ns-Ds turbine Chart for two different Rotation Speed.
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related to its flammability and explosion risk have to be considered when managing it. Another final consideration 
must be done about the expander. All the analyzed cases led to piston expanders due to low fluid flow rate. Piston 
expanders are currently used for niche-market applications:  small-scale CHP and waste heat recovery on internal 
combustion engines. Axial piston expanders are usually preferred because of their compactness and their low level 
of vibrations. Scroll type expanders are typical too for similar values of flow rate, speed-rate but suitable for lower 
expansion ratios. Today, screw expanders show a much larger technical maturity than scroll and piston expanders 
[18].Nevertheless they cover powers between 20 kWe and 1 MWe, with displacements ranging approximately from 
25 to 1100 l/s. There only are a few records of micro-screw expanders, mainly because of the low volumetric 
performance of such machines. However, it is likely that smaller clearance inside the compressor could be achieved 
in the future because of manufacturing improvements.  Consequently small screw machines are likely to compete 
with large scrolls. Although piston expanders are still limited to niche market applications characterized by small 
powers, however developments of positive displacement expanders are predictable, benefitting from developments 
of compressors: increase of performance and reliability, extension of operating ranges, etc. Anyway, maximum 
efficiencies equal or very  near to 0.70, in line with those of scroll expanders, can be obtained only if cut off ratios 
and valve timing are properly chosen. Finally a future prospect of small scale CSP plants appears to be associated to 
organic Rankine cycle with regeneration and reheat, using synthetic oil af HTF and piston expanders. Through the 
solution of organic fluids problems (like stability) sensible efficiency increase is predictable.  
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